Conventional approach to detect the internal defect of a component needs sensors to mark the "zero" positions, which is timeconsuming and lowers down the detecting efficiency. In this study, we proposed a novelty approach that uses spatial spectroscopy to detect internal defect of objects without zero-position sensors. Specifically, the spatial variation wave of distance between the detecting source and object surface is analyzed, from which a periodical cycle is determined with the correlative approaches. Additionally, a wavelet method is adopted to reduce the noise of the periodic distance signal. This approach is validated by the ultrasound detection of a component with round cross section and elliptical shape in axis. The experimental results demonstrate that this approach greatly saves the time spent on the judgment of a complete cycle and improves the detecting efficiency of internal defect in the component. The approach can be expanded to other physical methods for noninvasive detection of internal defect, such as optical spectroscopy or X-ray scanning, and it can be used for hybrid medium, such as biological tissues.
Introduction
The components with large change in the surface shape are often found in both industrial and biological fields. Ultrasonic detection of the internal defects in such components is of importance and becoming a hot topic among researchers [1] . In the process of detection, the ultrasonic probe is required to be kept in an invariable and certain distance from the surface of the component. Moreover, the incident angle of the probe should be kept perpendicular to the surface of the component. Traditionally, the component needs a whole scanning in a manner of constant speed and across multisections. In each scanning cycle, the triggering signals of "zero" position are detected by a sensor and taken as the beginning and ending signals of scanning. Then, the scanning on the whole component is made with fixed intervals. Once the scanning in each cycle is completed, the probe is moved at a fixed distance along the axial direction and waits again to receive the triggering signals from the "zero-" position sensor. The time spent for waiting generally is half of that spent in the scanning in one cycle. Therefore, the efficiency of the detection is very low.
In this paper, we proposed a novelty approach with correlative theory, called spatial spectroscopy, to continuously scan the component without waiting for triggering signals from "zero-" position sensor. Here the "spatial spectroscopy" indicates that the periodical signals of ultrasound backscatter, with the spatial change of the component, are used to detect the internal detects.
Additionally, we combined this approach with selfadaptive filter technology for improvement of the detection efficiency.
The self-adaptive filter is a signal processing technology that was originated since 1960s, and many researchers have contributed to this technology. For example, Xu et al. applied self-adaptive filter to the field of Internet engineering [2] . Chen et al. combined self-adaptive filter with neural network for use in image processing [3] . Feng and Lin utilized the self-adaptive filter to enhance the signal intensity and elevate the signal-to-noise ratio for A/D conversion [4] . Zhong et al. utilized self-adaptive filter to improve the searching engine in GPS (Global Positioning System) [5] . Recently, self-adaptive filter was introduced into ultrasonic detection of internal defects in components, with purpose of improving the signal-to-noise ratio. The aim of using self-adaptive filter in this study is to smooth the ultrasonic signals before using spatial spectroscopy approach. The correlative theory is more often utilized for signal matching. For example, Ji et al. and Ge et al. proposed methods that utilized correlative theory to extract the true signals from the data with weak signal-to-noise ratio [6, 7] . Wang and Ruan proposed an image-matching algorithm based on correlative theory [8] . Moreover, they proposed a pyramid-layered model to reduce the calculation loads due to correlation of images and improve the precision of image-matching. Lei et al. proposed a recognition method for internal defects based on correlative theory, which has become a standard for online or offline detection of internal defects during structure fluctuation [9] .
To overcome the low detection efficiency of "zero-" position sensor method, we realized the fast localization of "zero" position by using the feature of high correlation in periodic signals. Through preprocessing by the self-adaptive filter, the ultrasonic signals exhibit excellent correlations, thus allowing for fast scanning of the component without "zero" sensor. The approach for scanning without zero-position sensors is illustrated as follows. First, the scanning on the component with constant speed (3.14 rad/s in counterclockwise) started immediately after the ultrasonic probe is moved to the cross sections of the component, and the position of the zero point in each detection cross section can be any point in the cross section. When scanning on a certain component with an elongated defect without zero sensors the same defect can be detected in different angles on different cross sections, which directly affects the judgment on the defect, as depicted in Figure 3 .
Methods

Analysis on the Inspection and
Because the detection target is a blank component, the time for each cycle is fixed when the component is being rotated with constant speed, and within this cycle the changes of the distance between the probe and the surface of the component can be detected, as shown in Figure 4 . After the scanning (rotate), the periodic signals in each detection cross section are extracted, covering the range of distance between the probes over the cross sections and the surface of the component. The cycles covering any cross sections are the same, if taking the periodic zero point in the first cross section as the circumference zero point. Based on this characteristic, a correlative judgment on the periodic zero points in all the cross sections and the zero point in the first detection cross section is made through the method of signal process, and matching zeros is implemented to make a rectification on the detection result. Figure 4 represents the distance signal of 3 rotating cycles in a certain detected cross section, which is obtained with measurement of the distance between the probe and the surface of a certain component.
Analyses on the Periodic Signal. The curve in
Affected by the on-engine high-frequency vibration resulting from the motor drive and other factors, there exists a kind of high-frequency noise in the periodic signal. Moreover, there may be some miniature saddle-backing and subsiding because the detected object is the blank component; in order to assure the similarity of the periodic signal in each cross section, the periodic signal obtained at the position of those saddle-backing and subsiding should be processed as the frequency noise. Therefore, the noise involved in the signals should be reduced before matching zeros, so as to extract the periodic signals. Figure 5 is the sketch map for the distance signals 1 and 2 of two different cross sections obtained in the scanning on a certain component.
Reduction of the Noise Involved in Signals.
During the scanning, the signal of distance between the probe and the surface of the component is treated as stable low-frequency signal, and the high-frequency part in the signal is the noise. As such, the influence of the high-frequency part in the signal should be eliminated before signal analysis is performed. Because the noise with different frequency components needs to be filtered out, a self-adapting noise reduction method with multilevel and multiresolution should be used [10] [11] [12] [13] [14] . Here wavelet analysis is used for this purpose [15] . The following are steps of the method for reducing the noise involved in signals.
(1) Select a wavelet and analyze the number of decomposition. Wavelet decomposition is made on the signals involving noise to obtain the low-frequency and highfrequency coefficients. (2) A suitable method is adopted to make an analysis on all the high-frequency coefficients, so as to remove the noise with frequency components.
(3) According to the levels number of decomposition on the wavelet, a reconstruction of the discrete wavelet is made on the processed high-frequency and lowfrequency coefficients. The acquired signals are those with noise reduction.
In addition, according to the selective analysis on the wavelet base and the levels number of decomposition on wavelet described in the reference, the wavelet db5 is used to make decomposition with 5 levels on the distance signals 1 and 2 .
Furthermore, the method of HeurSure threshold value is adopted to make a soft threshold selection on the highfrequency coefficients in the different levels and filter out the noise with high-frequency, and a wavelet reconstruction is made on the filtered constituents to get the distance signals 1 and 2 after noise reduction with the method of multiresolution analysis, as indicated in Figure 6 .
Matching Zeros.
In the process of scanning, the signals obtained after the noise reduction on the collected distance signals are the distance signals in one cycle. In other words, the detected values are the measured distance in a single-cycle within one cross section of the component. Therefore, the inertial point in the cycle needs to be found so as to perform the correlative judgment on the zero points in the detected component and realize the matching zeros.
The mutually correlative function of the stochastic signals is used to describe the interdependent relationship between the two sample functions at the different time [16] [17] [18] [19] . This function is used to describe the close mutual interdependent relationship between the waveforms of the two stochastic signals with the movement of the time coordinates. The mutual correlative function for the discrete stochastic signals is expressed as follows:
Here, ( ) and ( ) are the two signals to be analyzed. ( ) is the cross-correlation function of the two signals. Generally, the objects studied in the mutual correlative functions ( ) and ( ) are two different signals; the cross correlative function is neither an even function nor an odd function. As shown in Figure 6 , the curves 1 and 2 are the two discrete stochastic signals. Therefore, 1 and 2 can be defined as ( ) and ( ), respectively, and the method of cross correlative function can be used to localize the corresponding position of the referential inertial point (the detected inertial point of the curve for the distance in the first cycle) to eliminate the errors.
As shown in Figure 7 , when is the largest one, the correlation between 1 and 2 is ideal; in other words, the two curves are most close. Consequently, (19, 1096) in Figure 7 is the maximal, and the cycle ending point can be achieved with 2 being moved with detection points (19, 1096) along the time domain. The comparison between 1 and 2 in component distance is shown in Figure 8 .
This method was applied to the matching zeros of the curve for the distance of the detected cross sections shown in Figure 3 . Then, a spatial spectroscopy scanning can be acquired, as shown in Figure 9 . Consequently, the internal defects were detected within much shorter time.
Discussion and Conclusions
In order to solve the problem of low efficiency in the process of the scanning on the component with complex configuration, we proposed in this paper an approach of matching zeros to detect cross sections, through using the fixed cycle caused by the ellipticity of the component in the process of the scanning with constant speed. Then, a noise reduction method is applied to the periodic signals. Additionally, the method of mutual correlation is adopted to adjust the whole scanning detected without zero sensors. Experimental results show that the detection efficiency of this method is improved by 35% compared with that of the conventional approach with zero-position sensor. The approach can be expanded to other physical methods for noninvasive detection of internal defect, such as optical spectroscopy or X-ray scanning, and for hybrid medium, such as biological tissues. This approach has been utilized to detect the defects in components with various shapes. To emphasize the approach rather than the applications, this paper only presents a representative component. The results from other components are similar to the representative one.
The ultrasound backscatter signals are more easily distinguished on the coarse surface than the smooth one when the component is scanned; thus the proposed method is limited for use to detect defects in the components with smooth surface. More advanced methods of pattern recognition will be adopted in the future for improvement of the proposed spatial spectroscopy approach.
To conclude, we proposed a combination of self-adaptive filer and spatial spectroscopy in this study, so as to speed up the scanning component with large change in the surface shape. With this combination, we realized fast detection of internal defect in components.
